Bulk polycrystalline samples in the series Ti 1+x S 2 (x = 0 to 0.05) were prepared using high temperature synthesis from the elements and spark plasma sintering. X-ray structure analysis shows that the lattice constant c expands as titanium intercalates between TiS 2 slabs. For x=0, a Seebeck coefficient close to -300 µV/K is observed for the first time in TiS 2 compounds. The decrease in electrical resistivity and Seebeck coefficient that occurs upon Ti intercalation (Ti off stoichiometry) supports the view that charge carrier transfer to the Ti 3d band takes place and the carrier concentration increases. At the same time, the thermal conductivity is reduced by phonon scattering due to structural disorder induced by Ti intercalation. Optimum ZT values of 0.14 and 0.48 at 300K and 700K, respectively, are obtained for x=0.025. 
INTRODUCTION
The development of novel highly-efficient thermoelectric materials for solid-state energy conversion (refrigeration and electrical generation from waste heat) is currently at the core of worldwide research investigations [1] . The dimensionless thermoelectric figure of merit, ZT (ZT = S²T/ρκ, where S is the Seebeck coefficient, ρ is the electrical resistivity, κ is the total thermal conductivity and T the absolute temperature) is usually used to quantify the efficiency of a thermoelectric material. The total thermal conductivity (κ) is the sum of the lattice component (κ l ) and the electronic component (κ elec ). At present, the best performance for low and medium temperature ranges belong to Bi 2 Te 3 intermetallics with optimum ZT values around 1 at 400K. However, the use of Bi 2 Te 3 bulk thermoelectric materials for large scale applications needs to be reconsidered due to its toxicity, scarcity and high price. Thus, one of the current main interests is to develop new, non-toxic and cheap thermoelectric materials with comparable or higher efficiency for room and medium temperature ranges.
In the 2000's, Imai et al. have reported a large value of the Seebeck coefficient in TiS 2 (S = -250μV/K at 300K) combined with a relatively low and metallic-like resistivity (ρ=1.7 mΩ cm at 300K) [2] . In the following years, no great efforts have been devoted to this compound. Only recently, several studies have demonstrated the great potential of this compound below 400°C [3] [4] [5] . A power factor over 1.7 mW/mK 2 at room temperature (RT) and ZT up to 0.5 at 800K have been reported for example. In addition, TiS 2 offers several advantages for practical applications such as low toxicity, low cost and low density (3.25 g.cm -3 ).
TiS 2 belongs to the family of layered transition metal dichalcogenides (TMDC), TX 2, (where T is a transition metal atom from group IVb,Vb or VIb of the periodic table, X = S, Se, or Te) which have been fascinating compounds since the 1970s due to the rich variety of their physical properties [6] [7] [8] [9] [10] . It is built up by S-Ti-S layers which are stacked on top of each other and separated by a van der Waals' gap. Since the 1970s, the existence of stoichiometric TiS 2 is controversial although it is agreed that TiS 2 has either semimetal or semiconductor behavior [11] [12] [13] [14] [15] [16] [17] [18] . In fact, it is well known that TiS 2 tends to grow metal rich and that the excess Ti atoms intercalate into the van der Waals' gap, leading to Ti 1+x S 2 . Each excess Ti atom is assumed to be donor of four electrons to the conduction band. This off-stoichiometry is the main explanation of discrepancies in terms of physical and thermoelectric properties of the so-called TiS 2 . Despite its rather simple composition, the synthesis of stoichiometric TiS 2 is complex. Atmosphere, pressure, temperature and synthesis conditions are among many factors which can affect sulfur volatilization. For example, Jeannin et al. firsly reported it was not possible to synthesize stoichiometric TiS 2 [19, 20] . Later, Mikkelsen et al. [21] reported that the ideal temperature for stabilizing stoichiometric TiS 2 is 632ºC. Above this temperature, the off-stoichiometry is inherent due to the high sulfur loss.
In the view point of thermoelectric properties, a wide range of Seebeck coefficient, electrical resistivity, and thermal conductivity values can be found for the so-called TiS 2 [2, [3] [4] [5] 11, [22] [23] [24] [25] [26] [27] [28] . Thermoelectric properties are greatly dependent of the off-stoichiometry, more explicitly by the charge carrier concentration. As a result, a spread range of Seebeck coefficient values can be found in 1T-TiS 2 . For example, Thompson et al. reported the highest Seebeck coefficient for TiS 2 around -270µV/K whereas this coefficient is divided by around five (-60µV/K) in Ti 1.95 S 2 [16] .
It seems then of fundamental importance to understand the influence of Ti/S stoichiometry on the thermoelectric properties of TiS 2 . If optimization of the power factor is possible by controlling the off-stoichiometry, i.e. the carrier concentration, it is also well know that the thermal conductivity needs to be reduced in these layered materials. By coupling the control of the Ti/S stoichiometry with the intercalation of Ti atoms in TiS 2 layers, optimized charge carrier concentration materials can be obtained while the thermal conductivity can be reduced in the same time. Based on this concept, we report here on the structural analysis and thermoelectric properties of materials in the Ti 1+x S 2 series. Structural characterization was carried out by X-Ray Diffraction (XRD) using a Panalytical Xpert Pro diffractometer (Cu K radiation) and the Rietveld refinements were performed using the FULLPROF program. The Seebeck coefficient (S) and electrical resistivity () were measured simultaneously in the temperature range of 300-700 K using a ULVAC-ZEM3 device under a partial Helium pressure. Hall effect experiments have been carried out using a Physical Properties Measurements Systems (PPMS, Quantum Design), in a magnetic field up to 7T. The heat capacity and thermal diffusivity were analyzed using Netzsch STA 449-F3 and LFA-457 models, respectively.
EXPERIMENTAL SECTION
The thermal conductivity (κ) was calculated using the product of the density, the thermal diffusivity and the heat capacity. The lattice thermal conductivity was determined from the Wiedemann-Franz law (Lorenz number of 2.45.10
) by subtracting the electronic contribution to the total thermal conductivity ( l = - elec ).
The alignment of plate-like grains observed by Scanning Electron Microscopy (SEM ZEISS Supra 55) confirms that the crystalline ab-planes are slightly oriented perpendicular to the applied pressure direction [28] . Accordingly, S, ρ and  were all performed along this direction (i.e in the plane perpendicular to the pressure direction).
RESULTS AND DISCUSSION

Structural analysis
The XRD patterns, recorded on powders of the obtained SPS pellets confirm that, for all x values in the range 0  x  0.05, a single phase derived from TiS 2 is obtained (Fig. 1) . All XRD patterns were well described in the trigonal space group P 3 m1 of the TiS 2 host structure, as exemplified for the limit compound x=0.05 (Fig.2) . The additional Ti atoms were distributed randomly over the octahedral positions in the van Der Waals' gap. Intercalation results in a systematic expansion of the unit-cell axis along the stacking direction and of the unit-cell volume. The c parameter increases from 5.678(1) Å for x = 0 to 5.715(1) Å for x=0.05. The increase is not linear as shown in Fig. 3 with a plateau observed from x = 0.015 to x = 0.025. Such a behavior has been previously observed and explained by the possible existence of a superlattice structure over the c lattice [16, 29] . Special attention has been then paid on these compositions and electron diffraction has been performed. Nevertheless no evidence of superstructure has been detected in our compounds. This suggests indeed a step threshold evolution of the cell parameters for low intercalation value.
Thermoelectric properties
The temperature dependences of the electrical resistivity and Seebeck coefficient in the Ti 1+x S 2 series are displayed in Fig. 4 . The electrical resistivity curves collected from 300 K up to 700 K demonstrate a general tendency towards more conducting behavior as the Ti interstitial atom content increases. For instance, at 700 K,  decreases from 26.7 m.cm to 0.72 m.cm as x increases from x = 0 to x = 0.05. We note that the electrical resistivity of the heavily doped compound Ti 1.05 S 2 is almost independent of temperature.
The present results show some similarities to the behavior of Li x TiS 2 [30] , where a charge-transfer mechanism was used to account for the observed phenomena. It is reasonable to assume here that the valence electrons of the metallic titanium atoms transfer to the Ti 3d band of the host after intercalation, leading to an increase of electron concentration (Table 1) and enhancement of the metallic behavior of Ti 1+x S 2 .
This suggestion is also consistent with the decreased Seebeck coefficient for the intercalated compounds.
We can also note that the magnitude of the electrical resistivity and the Seebeck coefficient is rather comparable between the three first member of the series (i.e. x=0, x=0.005 and x=0.01). The synthesis of samples has been repeated twice that confirmed this unexpected phenomenon.
Two main hypotheses can be drawn here.
First, this behavior has been previously explained by the existence of residual electrons associated to "displacement defects" [11, 31] . For low x, Ti atoms move to the van der These results are also confirmed by Hall effect measurements as presented in Table 1 . [4] and Wan et al. [3] respectively. Of course, the main explanation of such a large variation in Seebeck coefficient values comes from differences in sample preparation that leads to different Ti/S ratios due to sulphur loss.
We also can note that for x > 0.03, reports by different authors are more in agreement with each other. For instance, the divergence in the magnitude of the Seebeck coefficient for x = 0.03 is only 40 µV/K (-40µV/K for Ohta et al. [5] to -80 µV/K for As a general trend, our values of Seebeck coefficient are in good agreement with literature data.
The temperature dependence of the power factor (PF) for Ti 1+x S 2 materials is presented in Fig. 6 . For 0 < x < 0.025, the power factor decreases with temperature. For x = 0.025 and x = 0.05, the PF is almost temperature independent due to a more metallic behaviour, as observed in the temperature dependence of the electrical resistivity. As for other intercalated TiS 2 compounds like Cu x TiS 2 [4] and Nd x TiS 2 [24] , the presence of titanium in the intercalation sites decreases the lattice part of the thermal conductivity. Although the electronic contribution of the thermal conductivity increases with x due to charge carrier doping, the Ti intercalation between the TiS 2 layers generates disorder and phonon scattering even for a small excess of titanium. As shown in Fig 7a. and 7b ., the lattice and total thermal conductivity respectively decrease with Ti off-stoichiometry. As reported recently by Wan et al. [3] in (MS) 1+x (TiS 2 ) 2 (M=Pb, Bi, Sn) misfit layer compounds, the decrease in the lattice thermal conductivity may be linked to the weak interlayer bonding and disruption of periodicity of the TiS 2 layers in the direction perpendicular to the layers by the intercalated Ti layers. The magnitude of the  l reduction (74% in the present study from x = 0 to x = 0.05 at 300 K) through Ti intercalation is in good agreement and even higher than reported data in intercalated Cu x TiS 2 , Nd x TiS 2 and misfit (SnS) 1.2 (TiS 2 ) 2 compounds which exhibit a substantial decrease of between 30% and 50% [4, 24, 3] .
This result suggests that the creation of an intermediate layer even composed of few intercalated metal cations is a highly efficient means to decrease the thermal conductivity of TiS 2 . We can note that the thermal conductivity of the heavily doped compound Ti 1.05 S 2 is almost independent of temperature with a constant  value of 3 W/mK for over the whole temperature range, which confirms phonon scattering due to additional structural disorder. Moreover, the presence of Ti or/and S vacancies inside the S-Ti-S layers may also create additional defects. [4, 5] . Within this range, the temperature dependence of ZT is usually more pronounced at higher carrier concentration. To our knowledge, the present ZT value of 0.48 at 700 K is the highest achieved in TiS 2 systems. The strategy to combine structural disordering and tuning of carrier concentration outlined in this study is then promising for the preparation of TiS 2 -based thermoelectrics with enhanced ZT values.
CONCLUSIONS
In the present study, we have shown that the partial intercalation of Ti atoms in the van der Waals' gap of TiS 2 which greatly enhances the thermoelectric properties. Using an optimized preparation of powders and densification by Spark Plasma Sintering at low temperature (600°C/300MPa), a wide range of non-stoichiometric compounds were prepared with prevention of sulfur deficiency. We report for the first time a Seebeck coefficient close to -300 µV/K, at a carrier concentration of 0.11x10 Table Caption   Table 1 . c unit-cell parameter, carrier concentration n at 300K, electrical resistivity (ρ), Seebeck coefficient (S), thermal conductivity (κ), lattice thermal conductivity (κ l ), power factor (PF), and figure of merit ZT at 700K in Ti 1+x S 2 n series. 
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